Introduction
Cotton is important for many developing countries, either as a cash crop and/or as an input into their textile industry. It is receiving more attention of late for two reasons. One is because, thanks to genetic modification using modern biotechnology, new insect-resistant and herbicide-tolerant cotton varieties are emerging that are proving to be more productive than traditional varieties of cotton. Over the decade following their first release, genetically modified (GM) cotton rose to account for 28 percent of all land sown to cotton globally and to one-ninth of the world's total area of GM crops by 2005. The United States and China accounted for almost all of that, where the proportion of plantings that are GM are already more than fourfifths and two-thirds, respectively (Table 1) . 1 The only other countries with high GM adoption rates by 2005 were Australia and South Africa, both with slightly more than four-fifths of their cotton areas under GM varieties. Apart from India and Mexico, where legal adoption began to take off only in 2003-04, and an unknown extent of GM plantings in Argentina and Brazil, no other developing countries had widespread adoption of this new technology.
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The other reason cotton is in the news is because four poor cotton-exporting West
African countries (Benin, Burkina Faso, Chad and Mali) have demanded that cotton subsidy and import tariff removal be part of the World Trade Organization's Doha Development Agenda.
However, cotton subsidies are mostly provided by governments in high-income countries, and those governments have yet to be persuaded by other cotton-exporting countries to abandon them -notwithstanding the fact that part of the US cotton subsidy program has been ruled illegal following a WTO dispute settlement case brought by Brazil.
What is at stake here in terms of economic welfare in various developing countries?
Specifically, how much are low-income countries foregoing by procrastinating in their approval of GM cotton production? How does that compare with the effects on developing country and global welfare of removing cotton subsidies and import tariffs? And how much greater would be the gains to cotton-producing developing countries from GM cotton adoption if global cotton markets were not distorted by subsidies and tariffs?
After presenting a brief background to the world's cotton market in Section 2, this paper seeks to address these questions by using a well-received model of global economy known as GTAP (developed by Purdue University's Global Trade Analysis Project) and the current version of its related trade and protection database, described in Section 3. Empirical simulation results are presented in Section 4, including some sensitivity analysis. These are followed by a discussion of caveats in Section 5. The concluding section summarizes the findings and draws policy implications for developing countries.
This paper adds value in several respects to our earlier analysis of GM food crop adoption in Sub-Saharan Africa . The policy setting for this fiber crop is clearly different. On the one hand, it does not involve the consumer health issue associated with GM food, and the environmental and farmer health contributions are almost certainly net positives in the case of GM cotton. 3 On the other hand, it involves the sensitive North-South issue of trade-distorting cotton subsidies. Also, from a methodological viewpoint the present analysis extends our previous work by looking not only at the mean but also the standard deviation of effects, and by examining not only Hick-neutral but also partial factor productivity shocks. And we go beyond previous GM cotton studies (e.g., Elbehri and MacDonald (2004) on West and Central Africa and Huang et al. (2002) and Hossain at al. (2004) on China) by taking a multi-regional global approach that is able to show the adverse terms of trade effects for a region of not adopting when other significant producing regions adopt this new biotechnology.
The global cotton market
Cotton production is highly concentrated in several respects. One is that most production is in a few countries: as of 2005/06, nearly half is produced by just China and the United States, and that rises to more than two-thirds when India and Pakistan are added and to more than threequarters when Brazil and Ukbekistan are included. Also highly concentrated are exports of cotton lint, with the US, Australia, Uzbekistan and Brazil accounting for almost two-thirds of the world's exports, while the cotton-four in West Africa and the other four countries in Central Asia bring that total to almost four-fifths (Table 2) .
Cotton usage, on the other hand, is distributed across countries roughly in proportion to their volumes of textile production. Because of high domestic usage by exporters of textiles and clothing in developing Asian countries (and Mexico because of its preferential access to the US and Canadian markets under NAFTA), even large cotton producers such as China, Pakistan and India export only a small fraction of their crop, in contrast to Sub-Saharan Africa and Central Asia where textile production is relatively minor. This explains the pattern of net exports of cotton and textiles across regions (columns 3 and 4 of Table 3) , an understanding of which is helpful in explaining the signs of the welfare effects of some of the technology and policy shocks that are simulated below.
The GTAP model and database
The standard Global Trade Analysis Project (GTAP) model of the global economy is used to provide insights into the effects of governments allowing GM technology adoption in some countries without and then with cotton trade and subsidy policy reform globally. As explained in the Appendix, GTAP is a neo-classical multi-regional, static, applied general equilibrium model that assumes perfect competition, constant returns to scale and unchanging aggregate national employment of all factors of production (Hertel 1997) . We use the Version 6.1 of the GTAP database, which draws on global economic structures, policies and trade flows of 2001 (Dimaranan 2006 ). The GTAP model has been aggregated to depict the global economy as having 27 sectors and 39 regions (Appendix Table 1 ), so as to highlight the main participants in the world's cotton markets.
Model simulations and results of GM cotton adoption
Studies of Bt cotton adoption are available for several GM-adopting countries, including by Huang et al. (2002) , Pray et al. (2002) and Hossain et al. (2004) for China, Ismail,. Bennett, and Morse.(2002) for South Africa, and Qaim (2003) for India. To model GM cotton technology productivity shocks using the GTAP Model, we initially assume that the technical change can be represented as a Hicks-neutral, output-augmenting productivity shock of 5 per cent for most new adopting regions and 15 percent for regions with huge yield potential, namely India and SubSaharan Africa (other than South Africa -see final column of Table 2 ).
We also undertake two forms of sensitivity analysis. One involves estimating the standard deviations of variables in addition to their mean with respect to the magnitude of the exogenous TFP shocks. This is done using the Gaussian Quadrature numerical integration procedure that has been efficiently implemented into the GTAP framework by Pearson and Arndt (2000) . We follow Elbehri and Macdonald (2004) in assuming total factor productivity shocks have a uniformly triangular distribution, with the extreme values ranging from 0.5 to 1.5 times the initial shock level (chosen to adequately cover the current range of estimates and expectations for different regions). This process involves 78 solutions, 2 for each (exogenous) regional TFP shock, from which the mean and standard deviations are then calculated (see Appendix).
The other form of sensitivity analysis involves assessing the effect of factor bias in the productivity shocks -as alternatives to Hicks-neutral TFP shocks. In our scenarios we examine labor and land partial factor-saving productivity. The magnitude of the biased technical shock is obtained through a normalization of the percent increase in the productivity of all factors. This consists in scaling up the Hicks-neutral TFP shock by the inverse of the factor cost share, thus giving the same overall cost savings. The cost shares of inputs into cotton production in various regions are shown in Appendix Table 2 .
The impact of productivity growth is to change cotton prices and the level of cotton output and trade flows globally. The GTAP Model also provides a comprehensive decomposition of changes in national economic welfare as measured by the equivalent variation in income resulting from the productivity shocks. The current GTAP database provides information about the use of land, unskilled labor, skilled labor, and capital in the agricultural sectors. After solving the model we also calculate the change in the returns to primary factors of production in the cotton sector in each region.
To simulate the economic effects of adoption of GM cotton, we assume initially that total factor productivity (TFP) in cotton production would rise by 5 percent in most adopting countries, net of any higher cost of GM seed and allowing for less-than-complete adoption. 4 This output-augmenting, Hicks-neutral TFP shock is a conservative estimate of the gain to farmers, according to experience to date (FAO 2004, Table 7; Marra, Pardey and Alston 2002; Qaim and Zilberman 2003; Huang et al. 2004 ) and bearing in mind that typically, in a small number of years after GM cotton adoption is allowed, more than four-fifths of production moves to GM varieties. In India and Sub-Saharan Africa other than South Africa, however, we assume a TFP shock of 15 percent. Even that higher value is conservative for those countries, according to Qaim and Zilberman (2003) , because those countries' yields per hectare with conventional varieties are less than half the yields in the rest of the world (see last column of Table 2 ) and the GM field trials in India have raised yields by as much as 60 percent. More-recent commercial planting data suggest yield per hectare gains in India of more than one-third from adopting GM cotton varieties, and higher net profits despite the fact that GM seed costs three times as much as non-GM seed (Qaim et al. 2006 , Bennett et al. 2006 ).
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Three GM cotton adoption simulations are presented below. The first one aims to measure the market and welfare effects of adoption that had already taken place by 2001 in the United States, China, Australia, and South Africa. In this simulation we examine how the world would have been had that productivity shock not taken place. This is implemented by applying a negative 5 percent Total Factor Productivity (TFP) shock to cotton production in these countries (but for comparative purposes we express the results with the opposite signs). In China's case it was only about half way through its adoption process as of 2001, so only a 2.5 percent TFP shock is applied in this case.
The second simulation represents a situation in which all other countries except the rest of Sub-Saharan Africa adopt GM cotton (and China completes its adoption process). The TFP shock is 5 percent except for India (where it is 15 percent) and for China (where it is just an extra 2.5 percent).
In the third simulation, the rest of Sub-Saharan Africa join South Africa in adopting, with a TFP shock is 15 percent. The net effect of this new biotechnology is thus the sum of effects At the end of this section we then compare the results from these GM experiments with ones examining the effects of cotton subsidy and trade policies.
First simulation (what had already taken place by 2001)
Results from the first simulation, presented in the final three columns of Table 3 , suggest that world cotton output had hardly changed up to 2001. This is because the output gains in the first four GM-adopting countries were offset by output losses in the non-adopting countries, which were driven by the downward pressure on the average price of cotton in international markets (which fell by 2.5 percent as a result of this initial adoption, according to our model).
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Globally, both value added by cotton farmers and the value of cotton exports were reduced by about 1 percent, and by more than that in most non-adopting regions. Note in particular that the largest changes in value added in cotton production are in Sub-Saharan Africa, with a rise in South Africa of 3.5 percent and a fall in the rest of Sub-Saharan Africa of 4.4 percent. Note also that among the GM cotton adopters, value added in cotton production were lowered in both the United States and China, in part because of the decline in export prices. This is not to say individual farmers in those countries were irrational in adopting GM cotton, because had they not they would have still suffered from the product price fall, following adoption by other farmers, but would not have had a productivity improvement to partly offset it. For China, its small volume of cotton exports also was lowered, as most output is used by its domestic textile industry which expanded in response to the lower price of raw cotton.
The net economic welfare effects of this initial adoption of GM cotton are summarized in Table 4 . For all four adopting countries this was positive despite the loss due to their terms of trade deterioration and, in all but Australia's case, a small loss from domestic resource reallocation to the cotton sector (the latter because resources are attracted from sectors that were less assisted by government policies than cotton). But notice also that welfare improves in all non-adopting regions but one. This is because they are net importers of cotton and so enjoy an improvement in their terms of trade and a greater flow of imports. The exceptional non-adopting region is Sub-Saharan Africa (excluding South Africa) which as a net exporter of cotton faces lower cotton export prices and also has resources move to sectors in which it had a lesser comparative advantage. Globally, annual economic welfare is estimated to have been enhanced by more than $0.7 billion from this technology's adoption as of 2001, plus whatever net profits have accrued to the biotech and seed firms (which are not explicitly captured in this model).
Second and third simulations (technology catch-up)
If all other countries then adopt GM cotton, cotton output in the early-adopting countries falls in response to the output expansion in newly adopting regions. If Sub-Saharan Africa continues to procrastinate, its cotton output, value added and exports would fall even further; but if it also were to embrace this technology, its cotton industry would expand more than any other region's and would more than make up its losses to 2001 from adoption by the first four adopters (compare the final columns of Tables 4, 5 and 6). Note too that the value of global exports shrinks more in these two simulations than in the first one, indicating that more cotton would be grown in the regions where it is consumed the more developing countries adopt this technology.
Global welfare could be boosted very much more with greater adoption by developing countries. Even without Sub-Saharan Africa adopting, it would jump to $2.0 billion per year, even though that would lower slightly Sub-Saharan Africa's (and Australia's) welfare (Table 5) .
But adoption by the rest of Africa would raise that global benefit to $2.3 billion, with two-thirds of that extra $0.3 billion being enjoyed by Africa (more than offsetting its loss shown in Table 4 because of adoption by others up to 2001), and the rest by cotton-importing regions. Asia's developing countries that are net importers of cotton gain even if they grow little or no cotton, not only because of greater imports but also because the international price of that crucial input into their textile industry would be lowered further, by an average of 2.4 percent in this scenario (and 4.1 percent when Sub-Saharan Africa also adopts, as compared with 2.5 percent from GM adoption by just the first four adopting countries). Note though that Australia's earlier gain would be erased by the fall in its cotton export price in this scenario. With complete catch-up as in this third scenario, the gains to Central Asia, Sub-Saharan Africa and South Asia are ten, thirteen and twenty-three times greater than the global gains when expressed as a percentage of regional GDP (last column of Table 6 , and Figure 1 ). South Asia's are especially large because it is a large producer of both cotton and textiles (see Table 1 ).
Clearly, there are large benefits being foregone by developing countries that are procrastinating in their release of GM cotton varieties. It is gratifying to see that the governments of India and Mexico are now allowing their growers access to those varieties (see Table 1 ), and hopefully other governments will soon follow suit.
For the third scenario, we present in Table 6 not only the means but also the standard deviations of key variables. Note that the latter are a small fraction of the former in almost all cases, indicating that there are relatively small confidence bands around the mean results. Then in Table 7 we present the third scenario results again, this time assuming either a labor-saving or a land-saving element only in the productivity shock which give the same overall cost savings as a Hicks-neutral shock.
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The overall thrust of the results is much the same in all three cases, but the magnitude of the welfare gains is somewhat less for many regions with these extreme factor-biased shocks. So too is the impact on cotton value added in Sub-Saharan Africa, while in other regions their cotton earnings are more or less adversely affected (relative to the Hicks-neutral case) depending on whether the bias is labor-or land-saving. Not surprisingly, this suggests estimates of impacts of adoption by any particular region require identifying the specific nature of the cost savings involved. But it should be kept in mind that GM cotton technology involves not only higher yields per hectare and savings in labor but also large reductions in expenditure on insecticides (see the review of numerous studies that are summarized in Elbehri and MacDonald 2004, Table   3 ). Hence the Hick-neutral assumption is more reasonable than either of the two extremes considered in Table 7 .
What if cotton subsidies and tariffs were removed?
How do the above prospective gains from adopting GM cotton compare with the effects of eliminating all cotton subsidies and tariffs, as called for by several African cotton-exporting countries as part of the WTO's Doha Development Agenda? And how much greater would be the developing countries' gains from GM cotton adoption if the world was free of cotton subsidies and tariffs?
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The extent of subsidies to cotton production and exports, and of tariffs on cotton imports, is non-trivial (see Anderson and Valenzuela 2006, Appendix Table A3 ). Large though some of the interventions are, the estimated global welfare gain from removing them ($283 million per year) is only one-eighth the above estimate of the gain from completing the adoption of GM cotton technology ($2.3 billion). 9 Furthermore, most of that protection cost is felt by the countries imposing those distortions. Indeed many developing countries -as net importers of cotton (see Table 3 ) -benefit from those subsidies and tariffs because they lower prices for cotton in international markets.
What is striking about the distribution of the welfare effects that would result from removing those distortions, however, is the relatively large benefit it would bestow on SubSaharan Africa. Indeed that potential gain of $147 million per year is almost as large as the region's estimated gain from joining with the rest of the world in embracing GM cotton technology. Such reform would boost the international price of cotton by an average of 12.9 percent, 10 and lead to an estimated increase in Sub-Saharan African cotton output and value added of nearly one-third. The real value of cotton exports from Sub-Saharan Africa would increase by more than 50 percent, while cotton output and exports would fall by one-quarter in the United States and would halve in the EU (Table 8) . That would raise Sub-Saharan Africa's share of global cotton exports from 12 to 17 percent, and the share of all developing countries from 52 to 72 percent.
Also striking is a comparison of the welfare result from cotton reform with that from removing all merchandise tariffs and agricultural subsidies. While the latter gain is nearly 300 times as great as the former globally, for Sub-Saharan Africa cotton reform is crucial: its potential contribution to the region's welfare of $147 million per year is one-fifth of the estimated $733 million gain for the region from the freeing of all goods markets globally.
If those distortions to cotton markets were removed, how different would be the estimated effects of further GM cotton adoption beyond that achieved by 2001? Globally it would be virtually no different, 11 but the gains to developing countries in the absence of distortionary cotton policies would be slightly greater (12 percent so in the case of Sub-Saharan Africa), while those to high-income countries would be less (middle columns of Table 6 ).
Were these two reforms (GM catch-up and subsidy removal) to occur simultaneously, they would reinforce each other in Sub-Saharan Africa as each expands the region's cotton production and exports and so makes the gain from the other change larger. This is evident in the final column of Table 9 , which shows that the gain to Sub-Saharan Africa would then be ($223m + $147m =) $370m. This is equivalent to $199m + $172m, the former appearing in column 1 of Table 9 and the latter being the gain to Sub-Saharan Africa from global removal of cotton subsidies and tariffs had GM catch-up occurred before that reform. With these two reforms the average price of cotton in international markets would be 7.4 percent above the baseline, instead of 4.1 percent below as in the case of just GM catch-up alone. That is why the loss shown in Table 8 for South Asia following subsidy removal becomes a gain in the final column of Table 9 when that reform is accompanied by GM cotton adoption. Clearly this is an example of complementarity between the trade and development components of the Doha Cotton Initiative.
Caveats
We have ignored the owners of intellectual property in GM varieties, and simply assumed the productivity advantage of GM varieties is net of the higher cost of GM seeds. If that intellectual property is held by a firm in a country other than the GM-adopting country, then the gain from adoption is overstated in the adopting country and understated for the home countries of the relevant multinational biotech companies to whom those profits would be repatriated.
Because of the uncertainty surrounding the relationships among various economic and environmental variables, the GTAP model does not include environmental or human health externalities, so the welfare consequences of any such externalities are not measured. There could be positive or negative net environmental effects of producing GM crops, but that is equally true for producing non-GM crops. On the one hand, there is concern that some long-term and possibly irreversible negative environmental effects might occur in the future, although we are not aware of significant scientific evidence of such adverse effects. King (2003) concluding that there is no evidence that GM foods are harmful either to the environment or to human or animal health), these economies would be able to multiply that $2 billion gain from GM cotton adoption by at least two, according to the numbers presented in and Anderson, Jackson and Nielsen (2005) .
Appendix: The GTAP Model
The GTAP (Global Trade Analysis Project) model used in this analysis is a well-received multi-regional, static, applied general equilibrium model of the global economy that is routinely used by hundreds of modelers in scores of countries for agricultural and trade policy analysis.
Comprehensive model documentation is provided in Hertel (1997) Table 1 ).
The firms' production structure in the GTAP model assumes Constant Elasticity of Substitution (CES) functional forms among the five productive factors: skilled labor, unskilled labor, agricultural land, other natural resources, and other (non-human) capital. The assumed values for those commodity-specific CES values are taken from Jomini et al. (1991) , who reviewed estimates from international cross-section studies for various industries for a wide range of countries. Natural resources are used only in production of non-agricultural primary industries, and land is specific to agricultural uses. Both types of labor and capital are assumed to be perfectly mobile throughout the economy. The mobility of these endowments is defined by a Constant Elasticity of Transformation revenue function (Powell and Gruen 1968) , with a (negative) unitary elasticity of transformation for land, and equal to -0.001 for natural resources.
The greater the CET value in absolute terms, the greater the degree of mobility and hence the extent to which rental rates across alternative uses move together.
Separability is assumed between primary factors of production and intermediate inputs,
and Leontief fixed coefficients are assumed for the purchase of intermediate inputs (see Appendix Figure 1 ). That is, there is no substitution allowed among the intermediate inputs, nor between them and primary factors. This is somewhat restrictive but, even if we made it more flexible, we do not have reliable econometric estimates to warrant modifying the production structure.
14 Firms are able to purchase intermediate inputs from domestic sources and from foreign sources. Imported intermediates are assumed to be separable from domestically produced intermediate inputs. That is, firms decide on the sourcing of their imports; then, based on the resulting composite import price, they determine the optimal mix of imported and domestic goods (Armington assumption). The elasticities used for the sourcing of imports are based on econometric estimates by Hertel et al. (2007) .
On the demand side, there is a regional representative household in each region in the GTAP Model. That household is assumed to dispose of total regional income according to a
Cobb-Douglas per capita utility function specified over three forms of final demand: private household expenditure, government expenditure, and savings. Private household expenditures are modeled using a Constant Difference of Elasticities (CDE) system that permits differential price and income responsiveness across countries (McDougall 2003) . In the GTAP database version 6.1, the CDEs are calibrated to income and own-price elasticities of demand. The calibration to income elasticities draws on work by Reimer and Hertel (2004) who estimate an implicit, directly additive demand system (AIDADS) first using cross-country data on consumer expenditures from the International Comparison Project (ICP) and then using GTAP data. Once the income elasticity estimates are chosen, the values for own-price elasticities of demand are computed following the procedure and formula outlined in Jomini et al. (1991) .
The closure used in this model is the standard neo-classical general equilibrium closure in which investment adjusts endogenously to accommodate changes in savings, and all factor markets clear. In particular, this closure assumes endogenous wages and full utilization of currently employed resources.
Each of the economic relationships in the GTAP model is based on literature reviews, and the most important relationships have been econometrically estimated. Nonetheless, when For the present application of the GTAP Model, sensitivity analysis is conducted around the size of the total factor productivity shocks. Following the approach of Arndt (1996) and Pearson and Arndt (2000) , the distribution of factor productivity shocks is characterized as symmetric and triangular, as the basis for stochastic simulation with the GTAP Model. The extreme values of the shocks distribution range from 0.5 to 1.5 times the initial regional shock level to adequately cover the wide range of estimates and expectations for different regions.
Formally, consider a general equilibrium model defined as:
where k represents a vector of endogenous variables, and e a vector of exogenous variables. A solution to equation (1) In our framework, e is the vector of cotton total factor productivity shocks which yields a distribution of endogenous variables attributable only to this productivity variation. Thus, the endogenous variables are characterized by both the following mean and the variance formulae:
where g(e) represents the multivariate density function, and Ω is the region of integration. Arndt (1996) shows that treating a general equilibrium simulation as a problem of numerical integration enables us to deal simultaneously with the solution for the general equilibrium and the randomness of exogenous variables. In this process a new equilibrium is found after each random draw from the calculated distributions of regional cotton productivity shocks. As an alternative to Monte Carlo approaches, we employ the Gaussian Quadrature (GQ) numerical integration technique developed by Stroud (1957) and Haber (1970) , and implemented for policy analysis by DeVuyst (1993) and DeVuyst and Preckel (1997) . They show that an approximating discrete distribution can be obtained based on known lower-order moments of the model parameters. In turn, selectively solving the model based on the moments of this approximate distribution generates results consistent with the Monte Carlo approach, with far fewer simulations required. 15 This numerical evaluation yields resulting moments of endogenous variables with respect to variation in total factor productivity in cotton consistent with equations (2) and (3).
Sensitivity analysis is also conducted around the nature of the technology shock, to see how much difference it makes if that shock is factor biased rather than Hicks-neutral. For that purpose we draw on the cost shares in the GTAP database, which are reproduced in Appendix Table 1 ) paralleled a drop in its non-GM cotton acreage as farmers moved away from land-intensive to labor-intensive crops. 11 As explained in Alston, Edwards and Freebairn (1988) , the main impact of market distortions on the estimated effect of adopting a new technology is to alter the distribution, while having little or no impact on the aggregate size of the net benefits. Even in a simple partial equilibrium model, the precise effects depend on the nature of the market distortions in place, the nature of the market itself, and the nature of the new technology. In a global economy-wide model the distributional effects are more complex because there are also terms of trade and other indirect effects to consider. It is therefore difficult to generalize a priori, hence the need for empirical analysis of the sort presented here. See also on this point.
12 Fedoroff and Brown (2004) give reasons why that null finding is not surprising from the viewpoint of a molecular biologist.
13 There is no expectation that all cotton subsidies and tariffs will be removed as a result of the Doha round (see Sumner 2006, and Valenzuela 2006) , so the gains from GM adoption are even greater relative to prospective trade policy reform over the next decade.
14 In their attempt to introduce cotton and synthetic fiber substitution in the GTAP model, Elbehri, Hertel and Martin (2003) , the lack of empirical estimates on fiber substitution elasticities required them to use a 'guesstimate' of 2.5 and do some sensitivity analysis around that value. Even that approach is not without at least two compromises though. One is that Zhang, Fletcher and Ethridge (1994) found different relationships between cotton and cellulosic versus noncellulosic fiber, which suggests that aggregating cellulosic and noncellulosic fibers into one fiber category is undesirable. The other concern is that, in order to preserve the overall balance between supply and demand, expenditures and revenues, and income and outlay characteristics of a general equilibrium database, the procedure must be based on detailed regional share-based splits. This involves separating out exports from domestic use and implementing the appropriate inter-industry mapping of usage among sectors by every one of our 39 modeled regions. 15 Stroud Quadrature requires two draws from the approximation of the multivariate distribution for each of n stochastic exogenous variables. Thus for this sensitivity analysis, the model defines the resulting moments for the endogenous variables after solving for 39 regions * 2 = 78 solutions. b By applying a negative TFP shock to cotton production we examine how the world would have been had that productivity gain from cotton GM adoption not taken place in these countries (but for comparative purposes we express the results with the opposite signs in the three right-most columns).
Source: Authors' GTAP model simulation results and (for columns 1 to 4) the GTAP database (Dimaranan 2006) . a By applying a negative TFP shock to cotton production we examine how the world would have been had that productivity gain from cotton GM adoption not taken place in these countries (but for comparative purposes we express the welfare results with the opposite signs).
Source: Authors' GTAP model simulation results * We do sensitivity analysis by using the Gaussian Quadrature numerical integration procedure implemented into the GTAP framework by Pearson and Arndt (2000) . We assume TFP shocks are triangular distributed with the extreme values at 0.5 and 1.5 times the initial shock level.
Source: Authors' GTAP model simulation results national economic welfare, with Sub-Saharan Africa participating, assuming a factor-biased instead of an unbiased factor productivity shock (but the same overall cost saving)* Source: Authors' compilation, drawing on the GTAP database at www.gtap.org (see Dimaranan 2006) .
Appendix Figure 1 : Production structure in the GTAP Model where j = set of commodities (ouput); i = set of commodities (input to processing); k = set of endowments commodities; r = region (importer); s = region (exporter). Changes in quantities are in percentages: qo = change in output quantity; qva = change in composite quantity of endowments; qfe = change in quantity of endowments; qfs = change in composite quantity of intermediate inputs; qf = change in quantity of intermediate inputs; qfd = change in quantity demanded of domestically produced commodity; qfm = change in quantity demanded of composite foreign produced commodity; qxs = change in quantity demanded of foreign produced commodity. Source: Hertel (1997) and www.gtap.org. qfm(i,j,r) qfd (i,j,r) qxs (i,s,r) qfe (k,j,r) 
